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ComplexNicholas K. Bodmer,1 Kelly E. Theisen,1 and Ruxandra I. Dima1,*
1Department of Chemistry, University of Cincinnati, Cincinnati, OhioABSTRACT The titin-telethonin complex, essential for anchoring filaments in the Z-disk of the sarcomere, is composed of
immunoglobulin domains. Surprisingly, atomic force microscopy experiments showed that it resists forces much higher than
the typical immunoglobulin domain and that the force distribution is unusually broad. To investigate the origin of this behavior,
we developed a multiscale simulation approach, combining minimalist and atomistic models (SOP-AT). By following the
mechanical response of the complex on experimental timescales, we found that the mechanical stability of titin-telethonin is
modulated primarily by the strength of contacts between telethonin and the two titin chains, and secondarily by the timescales
of conformational excursions inside telethonin and the pulled titin domains. Importantly, the conformational transitions executed
by telethonin in simulations support its proposed role in mechanosensing. Our SOP-AT computational approach thus provides a
powerful tool for the exploration of the link between conformational diversity and the broadness of the mechanical response,
which can be applied to other multidomain complexes.INTRODUCTIONMuscle contraction is an amazing example of cell motility
resulting from cooperative interactions between arrays of
specialized proteins. Sarcomeres, the basic contractile unit
of myofibrils, whose parallel arrangements result in the for-
mation of muscle fibers, are 2–3-mm-long and 1-mm-wide
collections of interconnected thin, thick, titin, and (only in
skeletal muscle) nebulin filaments (1). The Z-disk of the
sarcomere anchors and aligns the majority of the sarcomeric
filaments, with the help of smaller proteins such as teletho-
nin (TLT) and a-actinin (2). Thus, to perform its function,
the Z-disk must be very stable mechanically. The basic
mechanism of mechanotransduction involves converting
mechanical signals into electrical or chemical signals. The
Z-disk plays a crucial role in mechanotransduction due to
its ability to collect the mechanical force produced by the
interaction of myosin and actin within the sarcomere, thus
forming the main anchoring point of the molecular machin-
ery that underlies muscle contraction (3). The complexity of
the sarcomere and of the Z-disk is the reason why decipher-
ing the basis for their functions is still an ongoing effort even
after decades of investigations.
A major breakthrough in understanding how the binding
of filaments in the Z-disk affects the overall architecture
of myofibrils and their functions came with the determina-
tion of the x-ray structure of the titin-telethonin (titin-
TLT) complex (2). The structure revealed a palindromic
assembly with TLT sandwiched between the N-terminalSubmitted November 19, 2014, and accepted for publication March 13,
2015.
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0006-3495/15/05/2322/11 $2.00domains of two titin filaments. In this ensemble, the N-ter-
minal region of the titin filament consists of two immuno-
globulin-type domains Z1 and Z2, arranged in a tandem.
The Z domains (98 residues each) are connected by a
three-residue linker giving rise to an elongated tandem
structure (2). This differs from the x-ray structure from
the apo-Z1Z2 form (4), in which the tandem populates at
least two different conformations—one is elongated, resem-
bling the titin-TLT state, and the other is V-shaped in which
the two Z domains interact noncovalently. The N-terminal
part (1-90) of TLT in the titin-TLT complex forms an
extended b-sheet with eight b-strands that glue the Z do-
mains together.
Bertz et al. (5) showed that the titin-TLT assembly is a
strongly directed molecular bond, built to resist force loads
applied in the direction of the titin filament (the C-C direc-
tion). Specifically, their atomic force microscopy (AFM)-
based study found that, while the titin-TLT complex resists
unbinding when pulled in the C-C-direction, the force for
unfolding of the first Z domain is 4.3 times larger than the
corresponding force for the apo-Z1Z2 state. They also found
that, despite the perfectly symmetric arrangement of the two
Z2 domains in the complex, these domains exhibit drasti-
cally different resistance to pulling force when the complex
experiences tension in the C-C direction: the first Z2 domain
unfolds at an ~730 pN force, whereas only ~230 pN is suf-
ficient to unravel the second Z2 domain (5). These studies
provide unique mechanistic insights into the structure and
functionality of the titin-TLT assembly, but they fall short
at deciphering the molecular underpinnings of the rich ki-
netic behavior of this system under force. The great care
shown by Bertz et al. (5) in ruling out artifacts in datahttp://dx.doi.org/10.1016/j.bpj.2015.03.036
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molecule strongly suggests that the structural diversity of
the complex is responsible for the measured behavior. In
turn, the structures of the titin-TLT complex and the apo-
Z1Z2 tandem offer a unique opportunity for molecular level
modeling of this Z-disk anchor.
Steered molecular dynamics (SMD) (6) and adaptive
biasing force bulk simulations (7) explored the link between
the binding of TLT to the titin domains in the titin-TLT com-
plex and were used to compare the mechanical stability of
the complex with the stability of the apo-Z1Z2 tandem.
The authors found that the force for dissociation of the
Z1-Z2 domains in the complex (6) is twice as large as the
force needed to unfold these domains in their apo-Z1Z2
state (7). Also, a major load-bearing region of the complex
consists of seven interstrand hydrogen bonds formed
between residues Thr50, His52, Gln54, and Gln56 in the
D b-strand in TLT and residues Thr188, Thr186, Arg184,
and Val182 in the G b-strand in the Z2 domain. Unfortu-
nately, due to a large gap in loading rate regimes, the results
of these studies do not match the values for peak forces seen
in the AFM experiments (5), so it is difficult to establish the
exact correspondence between simulations and experi-
ments. Also, because these simulations have not been
continued beyond the first unfolding transition, they could
not provide further insights into the molecular origin of
most of the unfolding transitions observed in experiments.
Limitations in the lengthscale and timescale inherent to
all-atomic description call for the use of computationally
intensive, coarse-grained approaches that can provide
both statistically significant and experimentally relevant in-
formation about the unfolding transitions in large-size
biomolecular assemblies such as the titin-TLT complex.
Coarse-grained approaches have been developed to describe
complex phenomena in biomolecules (8–14). One such
model is the self-organized polymer model (i.e., the SOP
model) (15), which allows us to use experimental values of
pulling speed to describe the force-induced unfolding reac-
tions in proteins in experimental centisecond time. Previ-
ously, the SOP model led us to unravel the details of the
force-unfolding scenarios in the green fluorescent protein
(GFP), microtubule protofilaments, and fibrinogen tandems
in agreement with experimental measurements (16–20).
Furthermore, this model has been successfully employed to
understand the mechanical control of molecular motors
(21,22), the details of large-scale allosteric transformations
in GroEL (23), and the folding steps for denatured SH3 do-
mains (24) and GFP (25). These studies show that the use
of coarse-grained simulations on experimental timescales al-
lows for the recovery of the critical unfolding force and the
prediction of the (mechanical) unfolding pathway(s). Still,
most fall short in reproducing the experimental distribution
of unfolding forces. While for single domain proteins, such
as I27, the distribution seen in AFM experiments is narrow
(26), with a very pronounced peak at the critical shearingforcevalue, in the case of the titin-TLT complex the force dis-
tributions for the various peaks are extremely broad. For
example, the distribution of the first unfolding peak force
spans an interval from 200 to 900 pN (5). To address the
above limitation in simulations, we have developed a multi-
scale integrated approach that blends coarse-grained with
atomistic simulations—the SOP-AT model.
Application of the SOP model to the titin-TLT complex
enabled us to determine the details of the conformational
changes associated to its response to mechanical forces, on
the AFM experimental timescales. Most importantly, using
the SOP-ATapproachwewere able to fully recover the exper-
imental distribution of rupture forces for all the unfolding in-
termediates. To our knowledge, this is the first time that such
a high level of correspondence has been achieved between
simulations and AFM dynamic force spectroscopy experi-
ments. In turn, our approach opens new possibilities for
studies into the connection between the degree of conforma-
tional variability in the native basin of attraction of a protein
and its functional states by combining single-molecule force
experiments with simulations conducted on similar time-
scales. Moreover, based on the correspondence between sim-
ulations and experiments, the microscopic details from our
simulations provide structural insight into the proposed ac-
tions of the titin-TLT complex.MATERIALS AND METHODS
Models used in simulations
We used a topology-based model (the SOP-model) for the titin-TLT com-
plex in which each amino acid is represented by its Ca atom (15). The total
potential energy function for the conformation of the given protein, speci-
fied in terms of the coordinates {ri}(i ¼ 1,2,,,,N), where N is the total
number of residues, is
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Here, the distance between two interacting residues i and iþ 1 is ri,jþ1,
and roi;iþ1 is the corresponding value in the native structure. The first term
in Eq. 1 is the backbone chain connectivity potential. The second term ac-
counts for the noncovalent interactions that stabilize the native (folded)
state. If the noncovalently linked residues i and j (ji – jj> 2) are within a
cutoff distance RC (i.e., rij < RC ¼ 8 A˚), then Dij ¼ 1, and zero otherwise.
All nonnative interactions, described by the third and fourth terms in Eq. 1,
are treated as repulsive. Also, here R0 ¼ 2 A˚ and ε1 ¼ 1 kcal/mol.Biophysical Journal 108(9) 2322–2332
2324 Bodmer et al.We ran simulations on GPUs (27) using two versions of contact maps to
account for the nativelike interactions between various positions in the com-
plex that stabilize the conformation represented in PDB:1YA5: 1) a SOP-
based map containing all the pairwise contacts between amino acids whose
Ca atoms lie within 8 A˚ of each other; and 2) a contacts-of-structural-units
(CSU)-based map containing all the pairwise contacts between amino acids
selected using the CSU method (28) as detailed in Section SI.4 from the
Supporting Material. We also employed implicit solvent models for the ti-
tin-TLT complex: the generalized born (GB) (29) and the solvent-accessible
surface area (SASA) (30,31) models to generate input structures for SOP-
based simulations. Details about these structures compared to PDB:1YA5
are presented in Tables S2 and S3 in the Supporting Material.
For the GB and SASA equilibrium runs we used the velocity Verlet inte-
gration at T ¼ 300 K. Details of the setups, estimation of the integration
timestep, and a description of the structures used in simulations are in
Sections SI.1, SI.2, and SI.3, respectively, in the Supporting Material.
The range of pulling speeds employed for the various SOP simulations
and the fitting of the resulting dependence of critical forces versus speed
are presented in Section SI.5 in the Supporting Material. Information about
the number of runs for each pulling scenario is found in Table S1.
Details about data analysis (conformational change and tension propaga-
tion) determined using our previously described approaches (32) are pro-
vided in Sections SI.6 and SI.7 of the Supporting Material.RESULTS
Mechanical response of the titin-telethonin
complex using the SOP set of contacts
Our simulations of force-induced unfolding for the titin-TLT
complex (from Fig. 1, produced using VMD (33)) along the
physiological C-C direction revealed that, at v ¼ 1.0 mm/s,
first the pulled Z2 domain detaches from TLT and unfolds
internally (critical force of 800 pN), followed by TLT
(critical force of 360 pN) and finally by the fixed Z2 domain
(critical force of 225 pN) (see Fig. 2 A). These results match
their experimental counterparts (5) very well: average force
of 7075 24 pN at extension of 29.75 0.4 nm for the first
unfolding event (one of the Z2 domains), 392 5 17 pN at
extension of 19.6 nm for TLT (second unfolding event),
and 2285 6 pN at extension of 29.8 nm for the third unfold-
ing event (the second Z2 domain). In experiments it is not
possible to tell which of the two chains (A or B) tends to
open first, while this information is readily available in sim-
ulations. Analysis of our unfolding trajectories showed that
the Z2 domain at the pulled end unfolds first.
Because the agreement between the critical unfolding
forces in our simulations and their experimental counter-
parts is very good, we can use the microscopic information
from our simulations to pinpoint the origin of the difference
in critical unfolding force between the second Z2 domain
(Z2B) and the first Z2 domain (Z2A). Namely, the unfolding
of Z2A occurs by shearing of the contacts between its G-
strand and TLTand its internal contacts between its G-strand
and the A- and A0-strands, in accord with the results of the
SMD simulations (6). In contrast, Z2B opens following the
typical Ig domain behavior by shearing the contacts between
its G-strand and the A- and A0-strands. Moreover, we found
that TLTopens by unzipping from the Z2B domain. This re-Biophysical Journal 108(9) 2322–2332sults from the rotation of the titin-TLT complex following
the unfolding of the Z2A domain that aligns it perpendicular
to the direction of the applied force, ultimately allowing the
unzipping of the hydrogen bonds between the G-strand of
Z2B and TLT.
To gauge the robustness of the mechanical response of the
complex along the C-C direction, we performed several
slower and faster in silico experiments using pulling speeds
of 0.1, 0.5, 10, and 100 mm/s, respectively, all in the AFM
regime. We found that the above unfolding order was pre-
served irrespective of the pulling speed. The only change
was in the value of the peak forces (see Fig. S1 A), which
decreased or increased, respectively, following the expected
behavior (34–36) (see Fig. S1, B and C, for the correspond-
ing fit for the first two unfolding force peaks). From this fit
for each force peak, the positions of the respective transition
states were ~2 A˚ and ~3 A˚ using Eq. S1 from Section SI.5 in
the Supporting Material. These values are similar to the
known value for I27 (3.0 A˚) (26).Tension and structural deformation
Analysis of the conformational changes along our SOP-
based trajectories provided further insights into the differ-
ences in the unfolding behavior of the three domains
(Z2A, Z2B, and TLT). For each bond in the chain, we deter-
mined the change in its tension (DF) with time using trajec-
tories that were run at v ¼ 1 mm/s (see the specific time
points indicated by the colored blocks in Fig. 2 B), using
the approach from Section SI.6 in the Supporting Material.
The first domain to unfold is Z2A, depicted in Fig. 2 F for
P1. During P1, at t ~ 1 ms (see the blue line in Fig. 2 E
for P1), we found a substantial tension buildup on the
G-strands of both the Z2A and the Z2B domains located
at the pulled and, respectively, the fixed end of the complex.
Close to the peak, at t ~ 4 ms (see the green line in Fig. 2 E
for P1), there is an increase by ~600 pN in the tension inside
these G-strands and of ~200 pN inside the B-, D-, and
E-strands of TLT. Strands B and E are in contact with strand
G in Z2B, while strand D is in contact with strand G from
Z2A. Thus, the buildup of tension in TLT at the same time
as the ramping up of force in the Z2 domains likely gets
transmitted through the large number of strong bonds be-
tween its three b-strands and the G-strands of titin. The
DF in the N-terminal end of Z2A (strands A and A0) is
almost double the DF in the corresponding strands at the
N-terminal of Z2B (140 vs. ~90 pN). Because Z2A is the
domain that detaches from TLT and unfolds at the end of
this peak, we ascertain that an increase in the tension at
the N-terminal end of a domain is indicative of its ability
to unfold. This is corroborated by our findings, described
below, when using the CSU-based contacts (28). Namely,
in the CSU simulations the unfolding starts from the fixed
end of the complex (Z2B) and the change in tension at the
N-terminal of Z2B right before the actual shearing and
FIGURE 1 Structure of the titin-TLT complex from the PDB:1YA5 entry
showing the engineered disulfide bonds (green). Chain A (blue), chain B
(red), and TLT (yellow). This color convention is used in all subsequent
conformational snapshots. The positions of the disulfide bonds are
Cys86A to Cys16T and Cys86B to Cys46T. This and all the other structural
renderings of the complex were done using the VMD (33) and POV-RAY
programs (http://www.povray.org/download/). To see this figure in color,
go online.
Molecular Investigations 2325unfolding events (~70 pN) exceeds the change in tension in
the N-terminal end of Z2A (~50 pN) (see Fig. 3 C, which
depicts the behavior of DF during the first peak for the
CSU-based simulations). Immediately after the first peak
(see the red line in Fig. 2 E for P1), there is a sustained
change in tension (~130 pN) across the entire Z2A domain,
the signature of the unfolding of this domain.
The degree of structural deformation was sampled at the
time points depicted in Fig. 2 C for P1. At the beginning of
P1 (see Fig. 2 D for P1) it is high (average ci-values ~0.5) in
the two Z2 domains (at the fixed and the pulled end), even
higher (0.65) in TLT, and moderate (~0.35) in the two Z1
domains. After the unfolding of the Z2A domain, signaled
by the average ci-value across this domain approaching
1.0 (red and orange lines), Z2B and TLT relax toward their
native states as indicated by their average ci-values drop-
ping to ~0.32 and 0.2, respectively. For the duration of the
peak, the two Z1 domains populate states close to their
native conformations, with average ci-values ~0.3. Z1B is
able to execute larger conformational excursions than Z1A
and it reaches a low average ci-value (~0.28) only when
TLT relaxes to ci ~ 0.2. We attribute this behavior to the
fact that Z1B sits right across from Z2A, its G-strand being
linked covalently through a disulfide bond with strand C in
TLT. Strand C is in contact with strand D in TLT, which is
also in contact with strand G in Z2A. Thus the deformation
and subsequent rupture of the contacts between strand G in
Z2A and strand D in TLT during the first unfolding peak get
transmitted to the Z1B domain, causing it to undergo higher
conformational fluctuations compared to Z1A.
For the second unfolding peak, we found the expected
substantial change in the tension across the already unfolded
Z2A domain (up to 140 pN), seen in Fig. 2 E for P2. The re-
gion of the complex that experiences the largest change in
tension at and immediately after the peak (see the green
and red lines in Fig. 2 E for P2) is TLT, signaling its unfold-
ing (see Fig. 2 F for P2). The behavior of ci during this
event (see Fig. 2 D for P2) shows that TLT has much higher
ci-values at its N-terminal end (~0.91) compared to its
C-terminal end (~0.75). This gradient correlates well with
the distribution of tension because TLT cannot unfold
completely, being pinned down to Z1A and Z1B through
the two disulfide bonds depicted in Fig. 1. Namely, only
the region between Cys16 and Cys46 in TLT can unfold.
The last unfolding peak is characterized by a large tension
gradient (up to ~250 pN) in Z2B (Fig. 2 E for P3), which un-
folds at this time (Fig. 2 F for P3). This is supported by the
evolution of the structural deformation from Fig. 2 D for P3,
which shows that the average ci-value across Z2B is ~0.93.
The structures of both Z1 domains remain close to those
seen at the end of peak 2 (average ci ~ 0.32) signaling
that, unlike the unfolding of Z2A and TLT, the unfolding
of Z2B remains localized to this domain only.
In 5% of trajectories, at v ¼ 1 mm/s, TLT opened
first. Interestingly, this event occurred at ~350 pN (seeFig. S2 A), which coincides with the typical rupture force
for TLT along the major pathway described above (see
Fig. 2 A). Along the minor pathway, the Z2 domains open
under %200 pN forces (see Fig. S2 A), typical for Ig do-
mains. Analysis of the evolution of structural deformation
during the first force peak, depicted in Fig. S2 B, indicates
that TLT exhibits a large degree of deformation (average
ci ~ 0.50) at the earliest step in the peak (black curve).
Next (purple curve), its deformation increases to ~0.55,
while the degree of structural deformation in the pulled
(Z2A) and fixed (Z2B) domains is modest (~0.40 and
~0.35, respectively). This is contrasted with the correspond-
ing steps in the first peak of the normal pathway from Fig. 2
D for P1, where the two average ci-values are ~0.50 and
~0.60, respectively. The overall trend in tension propagation
along the complex is similar in the two pathways (compare
Fig. S2 C for the TLT first pathway with Fig. 2 E for P1 cor-
responding to the normal pathway). Thus, we conclude that
the ability of TLT to unravel first along this special pathway
results from the lag in the rate of deformation of the Z2
domains compared to TLT.Capturing the distributions of critical unfolding
forces
The above simulations did not show unfolding starting from
the fixed end of the complex, nor the lower values for the
various critical forces (at fixed pulling speed) seen experi-
mentally (5). Likely scenarios to account for these discrep-
ancies between simulations and AFM experiments are that
they result from variations in the structure and/or the set
of native contacts. To determine the likelihood of these sce-
narios, we employed a three-part approach: 1) we started our
simulations from the original Protein Data Bank (PDB) (37)
structure, but using a different criterion for determining the
set of native contacts (CSU contacts) (28); 2) we started our
simulations using alternative structures of the complexBiophysical Journal 108(9) 2322–2332
FIGURE 2 Force extension curve (FEC), structural deformation, tension, and unfolding pathway for the major unfolding pathway in the titin-TLT complex
under forces applied at its C-terminal ends. (A) FECs. (B) Force-versus-time curve for the SOP-based trajectory in (A). The various blocks of color correspond
to time points used in tension analysis. The black one is the reference for each peak (black reference frame, Peak 1, 1.60 ms; purple, 2.40 ms; blue, 3.20 ms;
green, 4.00 ms; red, 4.80 ms). (C) Force-versus-time curve for the SOP-based trajectory in (A) with various blocks of color corresponding to time points used
in the c-analysis. (Black reference frame, Peak 1, 3.92 ms; purple, 4.00 ms; blue, 4.08 ms; green, 4.16 ms; red, 4.24 ms; orange, 4.32 ms.) (D) Structural
deformation during peaks 1 (P1), 2 (P2), and 3 (P3) from (A). The first unfolding event is consistent across multiple pulling speeds. (E) Tension change in the
bonds of the complex during peaks P1, P2, and P3 from (A). (F) The starting structure and unfolding steps corresponding to P1, P2, and P3 from (A). To see
this figure in color, go online.
2326 Bodmer et al.obtained by carrying out equilibrium molecular dynamics
simulations using implicit solvent models (GB and SASA)
(29–31), with the set of native contacts based on our original
criteria; and 3) we started our simulations from the original
PDB structure, but using either a modified set of contacts or
a modified strength of contacts reducing by half or abolish-
ing the contacts that connect the two titin chains to TLT. We
termed this approach the ‘‘SOP-AT’’ model.Simulations using the CSU set of contacts
We performed simulations initiated from the PDB structure
of the titin-TLT complex using the CSU contact map (28),
derived as described in Section SI.4 from the Supporting
Material. In these simulations, the unfolding order seen
above is preserved. However, the maximal force (for the first
peak) was considerably lower (<400 pN compared to ~800
pN before), as seen in Fig. 3 A. In addition, we found that the
unfolding started from the fixed end, i.e., Z2B instead of
Z2A (Fig. 3 D).Biophysical Journal 108(9) 2322–2332The evolution of c during the first unfolding event in
Fig. 3 B shows that, compared with its counterpart in the
SOP-based runs (Fig. 2 D for P1), all domains (including
TLT) start closer to their original structures in the CSU-
based trajectory. Compare, for example, average ci of 0.32
with 0.63 for TLT, 0.36 vs. 0.50 for Z2A, and 0.42 vs.
0.55 for Z2B (black lines in Figs. 3 B and 2 D for P1, cor-
responding to 2.2 and 3.92 ms, respectively). Also, the de-
gree of deformation in TLT for the next step of this peak
(purple line corresponding to 2.4 ms in Figs. 3 B and
4 ms in 2 D for P1) in Fig. 3 B is only 0.24, while in
Fig. 2 D for P1 the corresponding value is 0.62. These re-
sults suggest that the order of unfolding of the Z2 domains
depends on the internal conformational stability in TLT: the
fixed end (Z2B) will unravel first (as seen in the CSU-based
trajectories) if the structural deformation in TLT is slow. In
contrast, an early (fast) deformation of TLT would drive
the complex to unravel from its pulled end (Z2A), as seen
in the SOP-based trajectories. This hypothesis is supported
by the behavior of TLT in trajectories initiated from GB
FIGURE 4 FECs for unfolding trajectories based on the SOP-AT
approach FECs for the runs based on the alternate structures from atomistic
simulations. (Blue, purple, and cyan) GB structure-initiated runs; (red,
black, and green) SASA structure-initiated runs. To see this figure in color,
go online.
FIGURE 3 FEC, structural deformation, tension, and unfolding interme-
diate for the pathway based on the CSU set of contacts. (A) FEC. (B) Struc-
tural deformation during peak 1 (P1) from (A). (C) Tension change during
P1 from (A). (D) Unfolding structure of the complex at the end of P1 from
(A). To see this figure in color, go online.
Molecular Investigations 2327structures that follow the same pathway as the SOP runs,
discussed below (see Fig. 5).
Simulations using alternate initial conformations from
equilibrium atomistic runs
We ran SOP pulling simulations starting from alternate
structures sampled from equilibrium simulations of the pro-
tein using implicit solvent simulations (SASA and GB) (29–
31). Most of these structures resembled closely the native
PDB structure: those resulting from GB trajectories had
root-mean-square deviation values of only ~1.2–2.0 A˚,
while the SASA-derived structures had larger root-mean-
square deviation values (see Table S2 for details).
Pulling simulations started from the GB structures (purple
and orange in Fig. 4) typically led to high forces in the 700–
800 pN range for the first unfolding event located at an exten-
sion of ~5 nm. Importantly, the highest initial force observed
in any trajectory (>800 pN) resulted from pulling one of
these GB structures. In contrast, pulling simulations initiated
from the SASA structures (red, light-green, and dark-green
in Fig. 4) consistently led to lower first peak forces
(<700 pN) at an extension of 9 nm. The most noteworthy
attribute of these trajectories is the very high rupture force
for TLT, which is typically >400 pN for the second peak
located at an extension of ~39 nm. We believe that this
jump in force value is due to the ~10% increase in the native
contacts inside TLT in the SASA-derived structures versus
the PDB structure. This internal stabilization of TLT leads
to a single catastrophic failure of the complex, with TLT
and Z2B unfolding together instead of in two separate events
observed in the GB- and original PDB-based trajectories.
This behavior explains the absence of a third force peak in
Fig. 4 for the SASA force extension curve (FEC). In general,we found that, in comparison to the original PDB structure,
the GB-derived structures have more stable titin domains,
while the SASA-derived structures have less stable titin do-
mains, but a stabilized TLT. Importantly, the unfolding
pathway in these runs was the same as the major (standard)
pathway in runs initiated from the PDB structure. The time
evolution of the structural deformation during the first un-
folding event in the standard pathway starting from a GB
conformation, depicted in Fig. 5B for P11, shows that all titin
domains are closer to their original structures at the start of
the peak compared to the corresponding time point for the
pathway initiated from the original PDB structure (depicted
in Fig. 2 D for P1). TLT, on the other hand, shows the same
large degree of deformation (average ci ~ 0.60) in both runs.
In 29% of the GB runs, we found an alternative unfolding
pathway where the first two events from the standard
pathway (unfolding of Z2A and of TLT) occur simulta-
neously (depicted by the cyan curve in Fig. 5 A). Tension
propagation in the complex showed that in these trajectories
DF exceeds 500 pN on both C-terminal ends (see Fig. 5 C
for P12), while in the GB trajectories following the tradi-
tional pathway (blue in Fig. 5 A), DF is only 400 pN on
the C-terminal ends (see Fig. 5 C for P11). The time evolu-
tion of the structural deformation during the first unfolding
event in this novel pathway (in Fig. 5 B for P12) shows that
in the second stage of the peak (purple lines), TLT continues
to deform (purple line is higher than black line, which
depicts the behavior at the beginning of the peak), while
Z2B relaxes toward its original structure (purple line lower
than black line). This is in stark contrast to the behavior of
these two domains in the first peak of the SOP-based trajec-
tory depicted in Fig. 2 D for P1, where TLT becomes more
native-like in the second stage (lower purple line compared
to the black line), while Z2B continues to deform (higher
purple line compared to the black line). These results sug-
gest that the speed of Z2B relaxation toward its original
structure drives the unfolding order: if Z2B relaxes slowlyBiophysical Journal 108(9) 2322–2332
FIGURE 5 FECs, structural deformation, tension, and unfolding inter-
mediates for the two pathways found in runs based on structures taken
from equilibrated GB runs. (A) FECs from the two pathways. (Blue curve)
Normal pathway from Fig. 2; (cyan curve) pathway where Z2A and TLT
fail simultaneously in the first peak. (B) (Left graph) Structural deformation
during the first peak corresponding to the normal pathway (P11). (Right
graph) Structural deformation during the first peak corresponding to the
simultaneous Z2A-TLT unfolding pathway (P12). (C) (Left graph) Tension
propagation during P11. (Right graph) Tension propagation during P12. (D)
The unfolding snapshots for peaks P11 and P12, respectively. To see this
figure in color, go online.
2328 Bodmer et al.(in later stages of the unfolding event), then only Z2A
unfolds. Otherwise, TLT and Z2A unfold together.
Simulations using alternate sets of contacts at interfaces
between titin chains and TLT
The above simulations did not account for the lowest end of
the unfolding force distribution in the first force peak
observed in the AFM experiments (5). Due to the long ubiq-
uitin linkers used in these experiments, the pulling geometry
is essentially fixed, so a change in pulling orientation can be
ruled out. Thus, the only conditions that can account for
lower force tolerance correspond to either improperly
formed interfaces between TLT and the titin G strand or to
a poorly stabilized internal structure within TLT. Our above
results for the CSU-based runs lend credence to the first sce-
nario (because the CSU map has fewer contacts at the titin-
TLT interface than the SOP-based one). To further explore
the likelihood of this scenario, we conducted SOP-basedBiophysical Journal 108(9) 2322–2332pulling simulations using defective contact maps. Namely,
we reduced the number of native contacts by one-half, while
maintaining the εh-value of 3.00 kcal/mol for the existing
contacts. All trajectories started from this structure led to
the previously detected shearing between titin and TLT,
while the peak force was consistently lower (~500 pN, as
seen in Fig. S3 A). We found this force value regardless of
whether contacts were evenly eliminated across the inter-
face or were removed from specific portions of the interface,
i.e., the front-half, the back-half, the middle, etc. We em-
ployed an alternate approach of maintaining all of the native
contacts between the interface, but reducing their strength
(εh-value) in half (to 1.50 kcal/mol). This resulted in the
same shearing before unfolding under 500-pN forces. The
experimentally observed first peak unfolding force of 230
pN results upon complete elimination of the native contacts
between the G-strand in a Z2 titin chain and TLT (as seen in
Fig. S3 B), meaning that low forces could only occur when
the interface is severely disrupted. Finally, when removing
all the native contacts between both A and B chains and
TLT, it resulted in TLT unfolding first (depicted in Fig. S3
D for P1) under forces of ~140 pN (see Fig. S3 C), followed
by Z2A and Z2B (depicted in Fig. S3 D for P2 and P3,
respectively). The small value of the fracture force for the
first event (in TLT) in these runs, compared to the 340-pN
value seen in the runs with intact titin-TLT interfaces,
strongly suggests that a large portion of the TLT fracture
force measured in experiments is required to remove the
contacts between TLT and the titin chains in the complex.
However, irrespective of the magnitude of the peak force,
in all trajectories the unfolding of TLT occurs only after
the complex rotates perpendicular to the direction of the
applied force.
We collected the critical unfolding forces for each of the
three force peaks from our various types of unfolding
simulations. Importantly, we only included results from sim-
ulations following the major unfolding pathway, which
allowed us to compare and contrast our findings with the
experimental results. The corresponding histograms in
Fig. 6 agree with the respective experimental results from
Figure S2 in Bertz et al. (5). Using the data from our
SOP-, CSU-, GB-, and SASA-based simulations, we found
that the averages and standard deviations resulting from our
simulations are very close to their experimental counterparts
(Table 1): 7065 102 vs. 7075 24 pN; 3675 45 vs. 3925
17 pN; and 2465 14 vs. 2285 6 pN for peaks 1, 2, and 3,
respectively. All three distributions are double-peaked due
to the combination of the SOP- and CSU-based results.Atomistic SMD (GB) simulations
We also performed pulling simulations of the C-C complex
using the atomistic GB model (29). Even at high speeds (105
A˚/ps), we observed the same unfolding order as in our
trajectories produced using the SOP model. One notable
FIGURE 6 Distribution of peak forces for the three unfolding events following the standard Z2 to TLT to Z2 unfolding pathway. (A) Distribution of un-
folding observed forces in the first force peak. (Light-green entries) SOP-based and CSU-based runs; (dark-green entries) runs with selected contacts be-
tween Z2 and TLT removed or weakened, as detailed in the text. (B) Distribution of unfolding observed forces in the second force peak. (Red entries)
SOP-based and CSU-based runs; (orange entries) runs with selected contacts between Z2 and TLT removed or weakened. (C) Distribution of unfolding
observed forces in the third force peak. (Blue entries) SOP-based and CSU-based runs; (cyan entries) runs with selected contacts between Z2 and TLT
removed or weakened. To see this figure in color, go online.
Molecular Investigations 2329difference was that the forces observed for the first unfold-
ing event were ~1600 pN (see the corresponding FEC in
Fig. S4), but this is expected due to the speed. However, it
is remarkable that the unfolding pathway is robust across
so many orders of magnitude, and that the characteristic
Z2G-TLT shearing was clearly observed in all trajectories.
The robustness of the unfolding pathway across 11 orders
of magnitude (0.1 mm/s SOP to 1010 mm/s GB) is indicative
of the exceptional mechanical stability of the titin-TLT
along its physiological orientation.Mechanical response of the titin-telethonin in the
absence of disulfide bonds
AFM experiments (5) showed that the force response of the
Z1-Z2 tandem is very similar to the typical behavior of Ig do-
mains (I27) (5). To gauge the robustness of our approach in re-
producing experimental results in the absence of disulfides,
we first performed SOP-model simulations of this tandem.
The results, presented in detail in Section SI.8 and Fig. S5
from the Supporting Material, are in very good agreement
with the experimental counterparts. Next, we performed sim-
ulationswherewe removed the experimentally engineered di-
sulfide bonds between the titin chains and TLT to gauge the
contribution of the disulfides to the mechanical behavior of
the complex. Moreover, this set of simulations is highly
relevant for the cellular behavior of the complex because
the titin-TLT complex does not contain these bonds in the
physiological assembly.Our trajectories, basedon theoriginal
PDB structure and using the SOP set of contacts, exhibited the
same initial events as those observed in the trajectories con-
taining disulfides. The only difference is that there are onlyTABLE 1 Statistics of unfolding forces (in pN) based on the type o
Setup SOP SASA GB
Z1Z2T P1 7605 19 6655 35 7685 39
Z1Z2T P2 3455 28 4205 30 3195 12
Z1Z2T P3 2455 13 — 2445 16two unfolding steps, rather than the three seen above. Namely,
the complex dissociates after the unfolding of TLT (see the
corresponding FEC with labeled events in Fig. S6).DISCUSSION
We found that the titin-TLT complex is mechanically robust
along the physiological C-C direction of force application
because the unfolding pathway is preserved across pulling
speeds varying over many orders of magnitude. In the over-
whelming majority of our trajectories, TLT is subjected to
significant tension during events corresponding to the open-
ing of other domain(s), which leads to its substantial defor-
mation. This allows the titin domain at the pulled end of the
complex to execute large conformational changes resulting
in its detachment from the complex and in its unfolding.
In contrast, in trajectories where TLT exhibits more modest
conformational changes, the fixed end of the complex
unravels first. The origin of the difference in behavior of
TLT resides in the strength of its interactions with the two
titin chains. Namely, because both the original SOP- and
the GB-initiated simulations have more contacts present at
the interface between the two titin chains and TLT,
compared to the CSU set of contacts, it follows that strong
interactions between TLT and titin induce rapid loss of
native structure in TLT. This conclusion correlates with
the result from molecular dynamics simulations (6) that
TLT in the titin-TLT complex is found only in a metastable
state and thus can easily switch to alternative conformations
when its surroundings change.
The AFM experiments (5) could only be performed on the
modified complex with engineered disulfide bonds betweenf run from the three histograms in Fig. 6
CSU 1/2 Z2-G Without Z2-G
3815 11 5185 33 2445 13
3085 9 3055 4 3545 31
2565 19 2595 18 2425 21
Biophysical Journal 108(9) 2322–2332
2330 Bodmer et al.TLT and the two titin chains. An advantage of our simula-
tions is that they can be easily conducted in both the pres-
ence and absence of the disulfide bonds. By removing the
engineered disulfides, we observed that the above unfolding
order was maintained until the complex dissociated. This
demonstrates that the titin-TLT complex could remain sta-
ble even after the failure of one or more titin domains.
Thus the interdomain interactions between titin and TLT
are quite robust even under strain, and a significant perturba-
tion in TLT would be required to cause the complex to
fail mechanically. Force is transduced through TLT by
the nonbonded interactions between its strands and the
G-strands in the two titin Z2 domains. Our simulations
showed that the titin-TLT interface can remain stable even
after domains from both the A and B chains have failed, sug-
gesting that although TLT is metastable in isolation (6),
when complexed it is locked in a stable conformation that
is able to resist several hundred pN.
A number of mutations have been identified in TLT, either
related to diseases such as cardiomyopathies (R70W, R87Q,
P90L, E132Q, T137I, and R153H) or polymorphisms
(E13del) (38,39). A common effect of most of these muta-
tions is to change the ability of TLT to bind titin. For
example, T137I and R153H, found in hypertrophic cardio-
myopathies, augment the ability of TLT to interact with
titin, while E132Q, found in dilated cardiomyopathy, im-
pairs the interaction of TLT with titin (40). While details
about the structural changes induced by these mutations
are not available, the E13del variant leads to the loss of
the b-hairpin structure formed by strands A and B in TLT
(39). Because strand B in TLT is in contact with strand G
in Z2B, our setup with abolished contacts between TLT
and Z2B resembles the effect of E13del on the behavior
of the complex. Thus, our simulations can help explain
the recent experimental finding that the E13del TLT is prob-
ably a harmless, naturally occurring variant not associated
with any phenotype (39). Namely, our finding that the un-
folding pathway is not perturbed by the lack of contacts be-
tween titin and TLT (and also the maximal force to unravel
the complex reaches ~230 pN, typical for Ig domains) shows
that the E13del variant is not associated with a phenotype
because the titin-tandem anchoring role of this Z-disk com-
plex can still be supported by the two titin chains even
without binding to TLT, as long as they remain in close
proximity to each other, i.e., in confinement in the Z-disk.
This can be achieved by the presence of other proteins
located in the Z-disk such as a-actinin or muscle LIM pro-
tein (MLP), as suggested by Kno¨ll et al. (39). Moreover, our
results indicate that the main effect of the above-listed dis-
ease-related mutations is unlikely to be the alteration of the
interactions between titin and TLT, but should instead
involve changes in the network of interactions between
the titin-TLT complex and its partners in the Z-disk.
In all our simulations following the major unfolding
pathway, the N-terminal end of the Z2 domain that is theBiophysical Journal 108(9) 2322–2332first to fail experiences substantial tension buildup before
unfolding. Strand F is part of the MLP-binding domain
of TLT and it is located in close proximity to the N-termi-
nal of Z2B. Recent experiments proposed a view accord-
ing to which MLP and titin both interact with TLT in a
jigsaw-puzzle-like manner to form a multimodal mechano-
sensor (41). Our simulations support this view because
they provide a way for MLP to stabilize titin through its
close location to the N-terminal end of Z2B. Based on
our results, the mechanical stabilization of the N-terminal
end (which, as seen in the N-to-C behavior of the Z1Z2
chain in the presence of TLT versus the apo case, can be
induced by an increase in the number of nonbonded con-
tacts in the vicinity of the chain) can easily occur due to
interactions between positions in MLP, in the F-strand of
TLT, and N-terminal positions in titin. In turn, this will
delay or prevent Z2B unfolding, which is the domain
that fails first under the largest applied force of ~730
pN. The opposite behavior will result if improper contacts
are formed among MLP, the F-strand of TLT, and the N-
term of titin.
An important finding in our simulations is that, unlike the
Z2 domains which unfold by shearing along their end-to-
end direction (the orientation of the applied force), TLT un-
folds only when the complex aligns perpendicular to the
end-to-end direction. This striking result indicates that
TLT is able to detect forces oriented perpendicular to the
ends of the titin-TLT complex, such as torque. Thus, our
simulations provide microscopic support for the recent pro-
posal that TLT is probably involved in mechano-signaling
(39) by responding to other mechanical stimuli (stress, tor-
que) rather than titin itself, which is normally thought of as a
length sensor that responds to stretch (41).
In recent years, there has been a strong emphasis on
developing computational efforts that can relate to and
enhance the variety of experimental techniques used to
probe macromolecular conformations such as x-ray crystal-
lography (42), small angle x-ray scattering (43,44), and op-
tical trapping combined with fluorescence (45). The goal is
to reach a level of description of the conformational hetero-
geneity from experimental datasets such that any newly
discovered alternative conformations can be used to derive
protein mechanisms (42). Our SOP-AT modeling approach
fits well within this paradigm. A central result from our
studies is that, using this approach, we could decipher the
factors that lead to the broad distribution of peak forces
observed in the AFM experiments: variations in the contact
list and in the initial conformation. Our finding that varia-
tions in the network topology of the initial structure in the
simulations of the titin-TLT complex can account for both
the average critical unfolding forces and the width of the
force distributions resembles the results from a study that
combined an elastic network model with irreversible bond
fracture kinetics to explain the anisotropic deformation
response of GFP (46). The difference is that our SOP-AT
Molecular Investigations 2331approach has a more realistic description of the protein and
its dynamics, which ultimately leads to the very good agree-
ment between the computational and experimental force
distributions.
Importantly, our multilayered computational procedure
has a clear experimental counterpart: each AFM pulling
experiment is independent of the others, meaning the set
of starting structures includes various conformations that
belong to the nativelike basin of attraction, rather than a sin-
gle protein conformation. The above result regarding the
origin of the peak-force distribution in titin-TLT resembles
strikingly the result of the application to DNA duplexes of
a recent theoretical model developed to elucidate the
consequences of heterogeneity in biomolecules at the sin-
gle-molecule level (47). Thus, following the interpretation
provided in Hyeon et al. (47) for the broadness of the distri-
bution during DNA unzipping under constant loading rate
conditions of force application, we surmise that each
AFM experiment of pulling the titin-TLT complex starts
from different and slowly interconverting structures. The
origin of this disorder is, as strongly suggested by our
SOP-AT simulations, the heterogeneity of contacts in the
complex, particularly at the interface between TLT and the
titin chains.CONCLUSIONS
In summary, our simulations show that results from single-
molecule force spectroscopy experiments can be used in
conjunction with simulations conducted on comparable
timescales to determine the conformational ensemble for
a protein sequence, which is likely relevant for the physio-
logical function of the protein (the mechanical stability of
the Z-disk of the sarcomere, in our case). This is also
akin to the recent finding of Gabba et al. (48) that, by
combining single-molecule Forster resonance energy trans-
fer measurements with coarse-grained simulations, one can
obtain insight into the distribution of conformational states
and the dynamical properties of domains in enzymes. In
turn, our results show that the combination of dynamic
force spectroscopy (i.e., AFM) experiments with coarse-
grained simulations can yield related information about
conformational dynamics in multidomain and multichain
proteins. Moreover, because our approach focuses on the
dynamics of conformations, it aligns well with the envi-
sioned shift in modeling efforts from describing conforma-
tional ensembles to understanding which of the populated
conformations are crucial for the cellular functions of
proteins (42).SUPPORTING MATERIAL
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